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High Intensity Linear Accelerator Development Topics
for Panel Discussion on

“ Nuclear Energy Research and Accelerators - Future Prospects””

R. A. Jameson

Acce!eratory Technology Division, MS H811
Los Alamos National Laboratory
Los Alamos, New Mexico, USA

Two companion papers at this meeting have introduced the subject of
high intensity iinacs for materials research and for radioactive waste
transmuti~tion; Prof. Kaneko’s paper “Intense Proton Accelerator”, and my
paper “Accelerator-Ba*d Intense Neutron Source for Materials R&D”. I will
expand m thoseremarks to briefly outline some of the extensive work that
has been done at Los Alamos toward those two application areas, plus a third
.- the production of tritium in an accelerator-based facility (APT - Accelerator
Production of Tritium),

As discussed in Ref. 8 of my other paper,. we iiave considered the
provision c~fone ampere of deuterons in modules of 250 mA apiece, a a.wrent
that represents about the upper limit of capacity in a 350 MHz deuteron drift-
tube-linac (DTL) structure undw a reasonable constraint set. This design uses
two 125 mA: 175 MHz RFQ accelerators from the injectors up to an energy of 3
MeV, again because of the current limitation of a single channel in this
energy range. The two RFQ outputs ~re funneled into the doubled-frequency
DTL. The energy-selec!ive and other features discussed in the ESNIT paper
could be appiied to this large machine also.

In the area of radioactive waste transmutation, we have been following
the work of JAEIU with x eat interest to understand the requirements on the
accelerator. Our work on tritium production, however, has advanced to the
stage of a rather complete scoping study and pre-conceptual designl for a cw
machine comprised of two 350 MHZ, 125 mA RFQs up to 2.5 MeV, with 350
MHz UTb following them up ta 20 MeV, and then funneiing into a 700
MHZ, 250 mA ccwpied-cavit y.iirmc (CCL) for acceleration to the final energy
of 1,6GeV. (Fig. 1) This study was reviewed by the Energy Research Advisory
Board ot’ the US DOE in October 1989,

The APT machine could also be used to provide the 250-300 mA
continuous beam required to transmute radioactive waste soieiy with
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spailation neutrons; since providing high cument in a linac is the challenge
(whereas going to higher energy is easy), the machine can readily be scaled
down to the 10-20 mA requirement for a hybrid system of accelerator plus
multiplying target.

It is important to note that the physi= and engineering design
technology for such intense machines is in hand and a considerable body of
experimental verification exists, but such a system has not been constructed
and operated as a whole. Our confidence is such that we have costed and are
proposing a staged development for APT, with the first stage being a tour-year
(minimum) construction of a 40 MeV, 125 mA cw prototype. Other
components of this development program would include target/lattice
experiments, development of a high-efficiency 700 MHz rf source,
demonstration of the nonlinear beam expander, and tritium processing and
systems studies.

The facility components are outlined in another way in Fig, 2,
emphasizing the safety and maintenance aspects. Plant safety is inherent in
an accelerator (or hybrid multiplying target) system, but we have already
addressed the safety and fault-shutdown systems in some depth for the ERAB
review. Likewise, maintenance depends on very low beam losses along the
accelerator and beam transport lines. Perhaps time permits a brief
comparison of the characteristics of the proposed 250 mA machine to the
most intense machine now operating - the 1 mA average cument LAMPF
accelerator.

Fig. 3. indicates the advanced high brightness, high-energy linac
capabilities resulting from almost 20 years of development since LA.MPF
became operational. Comparisons include:

● APT utilizes an RFQ preaccelerator.
s Low energy end of APT is at higher frequency -- better performance

on fundamental beam Fhysics grounds.
● APT transition energy to CCL is at lower energy, followed by possible

emittance filter, to keep maximum brightness.
Q APT frequency transition is only a factcmof two, rather than four,

easing the longitudinal transition.
● All rf buckets are filled ir, Am - gives factor of four in average

current with no further stress cm CCL design.
Q Peak current of APT is well below current limit in each section.

Number of particles per bunch only 4,4x that of LAMPF; thus extrapolation
in current is not large,

End-to-end simulations have been done for this design, including
effects of non-ideal conditions -- the emittance performance is shown in Fig.
4, along with the rf power requirements.

The design philosophy is summarized in Fig. 5.
Key issues that were taken into account are listed in Fig, 6.
We have compared measured emittance growth with predictions from

simulation for LAMPF, CERN, and A’lS; and compare ●with the end-to-end
simulation for AM as shown in Fig, 7



Beam losses at LAMPF have been analyzed in Fig 8. LAMPF pulses at
120 pulses per second - there are losses at the beginning of each pulse that are
2-3 times the !osses during the steady-state part of the pul-. Integrated dose is
observed to be about three times higher for the turn-on adjustment phase as
compared to stable operation. A w accelerator should have an improvement
by about a factor of three over a pulsed machine.

Fig. 9 summarizes the APT activation estimate obtained by scaling
from LAMPF operating conditions.

Fig. 10 compares beam losses and activation levels for LAMPF and APT
at 800 MeV.

The nonlinear barn expander system would be used in AM to provide
a 4m by 2m area at the target, with little beam outside that area, as shown in
Fig. 11. Nonideal situations have been studied, as have various failure
modes, and design steps can & taken to cope with these.
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Figures

Fig. 1. Schematic of a system for Accelerator Production of Tritium (APT).

Fig, 2. Block diagram of an intense, high-energy Iinac, emphasizing safety and
maintenance aspects; these require special design of the accelerator and target
systems, and excellent diagnostics and control capabilities.

Fig. 3, Evolution of high-brightness linac capability since LAMPF.

Fig, 4, AM reference accelerator configuration.

Fig. 5. Design philosophy for high-brightness linear accelerators.

Fig. 6. Key issues in accelerator facility design.

Fig. 7. Transverse emittance growth in high-current linacs -- comparison of
measurements with simulation.

Fig. 8. Estimated beam loss in LAMPF CCL for 1 mA average current
operation,

Fig. 9, Procedure for scaling from LAMPF operating conditions to get
activation estimate for higher brightness machine. The APT design has 4.4
times more particles-per-bunch than LAMPF. The “x4” in the figure is
approximate.)

Fig, 10. Actual beam losses, activation levels, and aperture/beam ratio for
LAMPF, with estimate for APT linac.

Fig. 11. Beam delivery to AM target,
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Fig. 1. Schematic of a system for Accelerator Production of Tritium (APT).
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Fig. 2. Block diagram of an intense, high-energy linac, emphasizing safety and
maintenance aspects; thew require special design of the accelerator and target
systems, and excellent diagnostics and control capabilities.
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I~ig.4, APT reference accelerator configuration



Fig. 5. Design philosophy for high-brightness linear accelerators.

h#ainDesign Objectives:

1. Hiqh beam transmission and low losses

Minimize resultant heating and activation of acceleratorcomponents
.

2. Q@ cost,efficiency, and reliabilityG?rf tubes

Establishgood beam quality at the low energy end to minimize beam ernittance
and halo (RFQ, funneiing, ramped Oil, high frequency)

At higher energies keep beam away from apertures and longitudinal bucket
limits [large aperture, large bucket, good alignment, good phase control, low

acceleratinggfiadient)

Employ extensive diagnostics for beam control and maintenance of acceptable
crperating regime

Some halo and spill may still occurbut activation effectscanbe limited (rad-hard
quads (sets upper limit on DTLfrequency), restricttransitions, emittance filters)

I Design front end to ~aunchhigh quality, low-halo beam.
Design CCL for ultra- low beam lossand high d efficiency. I



Fig.6. Keyissues inaccelerator facihty design.

There are many issues when considering operation of a production fact;ry
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code vzlidity — basisof acceleratordesign

Beam losses — heating aI~4activation

Maintenance, failures — scheduled program and estimates

~?eliahility,safety — operating regimes, restrictions,and procedures

Remote operation — experience and equipment

Accelerator factories — experience at operational facilities

factory operation — procedures for turn-on, turn-off, and monitoring

Power — load characteristics

“6urps”- characteristicsOf microdischarges

Instabilities — design conservative



Fig. 7. Transverse emittance growth in high-current linacs – comparison of
measurements with simulation.

LAMPF CERN CINw AlX-l a AW$-2b APT
DTL+CCL DTL RFQtDTL RFQ+DTL WQ+GTL+CCL

CMpulIkrgy (MeV) am 10 50 5 6.7 16(M)

kak Curren[(mA) 17 82 150 75 75 250

Panicles p khmch 0.53 x 109 3.3 x 109 4.6X 109 1.IXI09 1.1 x 109 2.2x 109

TransverseEmiumc:

Growth (Simaltiku) 8.7(*I) 1.2(*I) I.1(i&l) 2.5(reali~ic)
I .5 (ideal)

‘“6 ‘m=’iqk) 3.4 (non-ideal)
Growti (Measured) 7.9 I .9 2.9 3.5 t 0.35 1.8*0.18 ---

Outpu[(MeaWed) 0.070 .0.070 0.14 O.ofiot O.(X)6 0.030 *0.003 ---

a. Uniiorm-fie!d DTL (EO = 2 MV/m). Resuhsquokd m from 1989 metisuremcn[s.Mtijor;[y d cmimncc growih
iscausedby quadruy.de-oritmmtimlerrorsin drill Iubcs.

h RmpxJ-fieldDTi.fi;,,=210 -1MV/111).



57 3 11 13 15

Ac[ivaion Measuremeids Made 7/27/88 Q
2 Hours After Simtdown
Following 2 Months Operation at 1 mA

17 19 21 23 25 27 ‘a” 35 37 39 41 43 45 47

Linac Madule Number

l(x) 200 400

PrOl.On lhcr~

I’ig. 8. .I>timatti barn IMS in LAPAPI: CCL
opcr~[lon.

700 800

(MN)

fcr 1 mA average current



Ex[eIId LAM1’F to 1) cw opcru[ion and 2) fill all 805-MI Iz rf buckc~s.
No increase in pro[m@mnch (identical beam dynamics).
Lintic current and activalim woubj incrcasc by fac~~r 60.

x 15 I.rom duty-factor incrc~se
x 4 from filling rf buckets

Average currcn( would be almos[ 25!% of AFT design god.
Activation levels would be 50 to 200 mRem/h.
Hands-onmaintenance,tihhough with limited access time.

Linac design improvements permit x 4 increase in par[icles-pcr-bulwh
without increased beam loss.

Hands-on m Remote Maintenance

10 mRem/h and below Unconstrained hands-on main~enancc.

100 mRem/h lhm.ls-on mainlcnance; Iimilcd ucccss [imc.

1 Rem/h 1Lmds on mainlendncc wilh u~rcfully
controlled, very -limilcd wxcss.

Ml Rendh and above S?ClilOIClllililllCllilll(X rquirul.

I:ig. 9. Prmxciure for xaling from LAMPF operating conditions to get
activation estimate for higher brightness machine. The APT design has 4.4
[imm more particlm-~r-bunch than LAMI’F. The “x4”’ in the figure is
appr~~tinmte.)



LAMPF APT

Activation (mRem[h) 4* 100

Beam loss (nA/m) .02 5

Fracti~~al 10SS /m 2 x 10-7 2 x 10-8

Aperture/beamRMS 6.3 20
*ExcepI for ~ few ho( spuu

AIT needs 10 times lower fractional loss/m than LAMPF to retain
hands- mi?intenance. A fiactor of 100 should be achievable.

* AFT has fac[or of 2 [o 3 advantage because it is not a pulsed machir-w.

* Need additional fac~or of 5103 from large aperture/bcwn-RMS
ratios. We believe that much Iargcr faclors will be ti[[:lintiblc.

Fig. 10. Actual beam i~s~, activation levels, and aperture,’beam ratio for
LA\lI’l:, with -timate for APT Iinac.
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Beam & target has dmired 4m by 2m iwa.

Sharp drop to very small intcnsitks outside the 4m by 2m area when duGdccapoles arc oN.

Ilalo to 7u coutained in the 4Jnby 2111area when duodccapoks are 011.

Above st~kment.s true regamkss of iuitial beam proliles.

Intensity distribution within the 4m by 2111area very uniform for initially pilriiL~Oli(: )MWIIS.

but:

● Ilitensity distribution within tile 4111 I}y 2111 ilrca dipmls on illitiitl lM’iUll Imofilcs.

● Intc]lsity llistril Jolti4m widlin lIIC 4111IJV 21I1 arr:L cI(.IM’IKIs 4JIJ SI tW’l-i]Ig.

Fig. 11. Beam delivery to Am target.


